Introduction
============

Occupational and accidental cold exposure is a significant risk for people who are unable to maintain their core body temperature [@B1]. In the United States, there are hundreds of deaths per year from hypothermia according to the reports from the Centers for Disease Control and Prevention. Accidental deaths due to extreme low natural temperature happen in North of China every winter as well. Human bodies can adapt to the low ambient temperature by insulative and metabolic responses. The insulative response, characterized by a decrease in mean skin temperature, in particular of the extremities, restricts heat loss of internal organs [@B2], [@B3]. The metabolic response increases energy expenditure by shivering and non-shivering thermogenesis using glucose and lipids of adipose tissue and liver [@B2]-[@B4]. But nonetheless, prolonged exposure to extreme cold environment has been shown to damage a variety of vital organs, including the liver. Previous studies by using rats have demonstrated that four hours of exposure to -8°C depletes liver glycogen [@B5], five minutes of exposure to extreme cold temperature, such as -20°C, causes liver edema and histopathological damages [@B6]. Cold exposure was reported to induce liver metabolic changes and oxidative damage as well [@B7]. However, it remains incompletely understood how acute cold exposure initially affects liver cells, thereby causes liver injury.

Bioenergetic homeostasis is essential for cell survival. ATP, the main cellular energy source, is produced primarily from glycolysis and mitochondrial respiration. It is well known that intracellular ATP level plays a pivotal role in the regulation of cell fate [@B8]. A previous in vitro study suggested that ATP depletion is a major contributor to intracellular organelle damage and cell apoptosis upon exposure to low-temperature [@B9]. Five and ten days of cold exposure lead to a significant increase of hepatic mitochondrial mass and ATP production in isolated mitochondria [@B10]. However, it is unclear how cellular ATP level in liver cells is regulated during acute cold exposure.

The kinase Akt, also called protein kinase B, is a central signaling molecule that links multiple signaling pathways to control cell growth, proliferation, metabolism, and survival [@B11]. Akt is a member of the AGC (cAMP-dependent, cGMP-dependent, and protein kinase C) kinase family [@B12]. Full activation of Akt depends on phophorylation of Thr-308 in its activation loop and Ser-473 in its hydrophobic motif [@B13], [@B14]. A recent study showed that Akt, Foxos and mTORC1 form a regulatory circuit controlling the bioenergetic balance in which Akt acts as a major cell energy producer [@B15]. Previous study showed that Akt is favorably activated in heat-producing brown adipose tissue by insulin [@B16]. Adipose-specific deletion of PTEN, the negative regulator of PI3K/Akt signaling pathway, enhances insulin sensitivity, energy expenditure and thermogenesis in mice [@B17]. However, it remains unknown whether Akt can be activated in the liver to promote cold resistance during acute cold exposure.

In this study we showed that acute cold exposure of rats to -15°C, an extremely low temperature that is similar to the natural ambient temperature in winter of some areas of North of China, led to a rapid reduction of hepatic glycogen, an increase of key enzymes required for glycogenesis in the livers. In line with the rapid consumption of glycogen, acute cold exposure induced a transient elevation of cellular ATP level, lasting about one hour. Four hours of cold exposure resulted in cellular ATP depletion and cell apoptosis. Acute cold exposure also transiently activated Akt. Blockade of Akt activation diminished the transient ATP increase and exaggerated cell apoptosis during acute cold exposure. These results suggest that Akt activation plays a critical role in maintaining bioenergetic balance and promoting liver cell survival during acute cold exposure.

Materials and methods
=====================

Animals
-------

Male Sprague-Dawley rats, weighing 220-230 g, were used. Animals were maintained on a 12-h light-dark cycle at 25°C with free access to food and water. All experimental procedures involving animal studies were carried out in accordance with the guidelines of the local Animal Care and Use Committee.

Acute cold exposure
-------------------

Rats were exposed to cold at -15°C for 4 hours by keeping them in a low temperature simulation chamber. Each rat in the control and cold exposure groups was placed in a metal cage (20×20×18 cm) alone and deprived of food and water during exposure.

Drug administration
-------------------

The selective inhibitor of PI3K, Wortmannin (15 μg/kg body weight, LC Laboratories, Massachusetts, USA), was added to sterile physiological saline and injected intraperitoneally (i.p.) 1 hour before the onset of cold exposure [@B18]. The rats in the control group were injected with sterile physiological saline.

Tissue preparation
------------------

Rats were sacrificed by decapitation immediately after cold exposure, and the left lobe of the liver was removed and immediately stored at -80°C for glycogen and ATP detection, as well as RT-PCR and Western blot analysis.

Measurement of liver glycogen
-----------------------------

Rat liver glycogen was detected by sulfuric anthrone methods using liver/muscle glycogen detection kit (Jiancheng, Nanjing, China). Briefly, 75 mg liver tissue was hydrolyzed with alkali liquor and boiled with reaction buffer. The OD value was detected by multimode plate reader (Infinite 200, Tecan, Männedorf, Switzerland) at 620 nm. The tissue glycogen content was normalized to the concurrent standard cure.

Real Time-PCR
-------------

Total RNA was isolated from rat livers (50 mg) by using Trizol (Invitrogen Corporation, Barcelona, Spain) according to the instructions of the manufacturer. Total RNA concentration was determined by measuring the absorbance at 260 and 280 nm using a UV-vis spectrophotometer (Nano 2000c, Thermo, USA). RNA (500ng) was transcribed to cDNA using the One-Step cDNA Reverse Transcription Kit with RNase Inhibitor (DRR036A, TAKARA, Japan) according to the manufacturer\'s instructions. Quantitative real-time PCR was performed using real-time PCR System (7500 Fast Real-time PCR System, Applied Biosystems, USA) with sets of primers as listed below:

*G6Pase*: 5\'-AACGTCTGTCTGTCCCGGATCTA-3\' and 5\'-CCTCTGGAGGCTGGCATTGTA-3\';

*Pepck*: 5\'-AAAGCATTCAACGCCAGGTTC-3\' and 5\'-CACCACATAGGGCGAGTCTGTC-3\';

*Actin*: 5\'-GGAGATTACTGCCCTGGCTCCTA-3\' and 5\'-GACTCATCGTACTCCTGCTTGCTG-3\'. Actin was used as a control.

Measurement of liver ATP content
--------------------------------

The liver cell ATP level was detected as previously described [@B19]. Approximately 70 mg liver tissue was homogenized in 700 μl ice-cold tissue lysis buffer for ATP detection (Beyotime, Jiangsu, China) with protease inhibitor cocktail (Roche, Basel, Switzerland) and PMSF (Beyotime, Jiangsu, China). After centrifuged at 12,000 g for 10 minutes at 4°C, ATP was extracted using 1.5% trichloroacetic acid and supernatants was then neutralized with 1:150 Tris-acetate \[pH 7.85\]. 100 μl working solution (ATP Assay Kit, Beyotime, Jiangsu, China) was added to a 10 μl diluted sample, the luciferase activity was immediately evaluated by multimode plate reader (Infinite 200, Tecan, Männedorf, Switzerland). ATP content was determined by comparison to a concurrent standard curve and was then normalized by protein concentration and expressed as μmol/mg protein.

Western blots
-------------

Liver samples were homogenized on ice in lysis buffer (Beyotime, Jiangsu, China) containing a protease inhibitor cocktail (Roche, Basel, Switzerland) and PMSF (Beyotime, Jiangsu, China). After quantification of protein concentration, samples were diluted to equal concentration. 3 samples in each group were mixed with equal volume and boiled with SDS sample buffer. Equal volumes of sample buffer were separated in a 5-12% Tris-HCl polyacrylamide gel and transferred to PVDF membranes (Millipore, Darmstadt, Germany). After incubation with a blocking buffer (5% nonfat dry milk in 20 mM Tris-HCl \[pH 7.5\], 137 mM NaCl, and 0.1% Tween 20) for 1 h at room temperature, the membranes were incubated sequentially with primary antibodies against Caspase-3, Akt, phosphor-Akt, GSK-3β, phosphor-GSK-3β (Cell Signaling Technology, Massachusetts, USA), and β-actin (Sigma-Aldrich, Missouri, USA). After incubation with respective horseradish peroxidase-conjugated secondary antibodies in blocking buffer for 1 h at room temperature, immunoreactive proteins were detected via enhanced chemiluminescence.

TUNEL Assay
-----------

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining was performed using an in situ cell death detection kit according to the manufacturers\' protocol (Roche, Basel, Switzerland). Paraffin-embedded liver sections were dewaxed in xylene, and rehydrated in decreasing ethanol solutions. Permeabilization was done by 60 s microwave irradiation in 0.1 M Citrate buffer \[pH 6.0\] followed by washing three times in PBS (137 mM NaCl, 4.0 mM KCl, 0.6 mM Na2HPO4, 0.15 mM KH2PO4, \[pH7.2\]). Sections were then incubated with reaction mix (enzyme:label solution = 1:9) at 37°C for 1 h. After incubation and three washes in PBS, slides was incubated with Hoechst 33342 (Beyotime, Jiangsu, China) for 5 min. Apoptotic cells were stained green by the detection kit, while all nuclei were stained blue by Hoechst when observed with a fluorescence microscope (BX51FL, Olympus, Tokyo, Japan). TUNEL-positive cells were quantified microscopically in 8 random fields of each slice section at a magnification of 400×.

Statistical analysis
--------------------

All values are expressed as means ± s.d.. One-way repeated-measures ANOVAs were applied to assess differences in cellular ATP level and TUNEL positive cells between experimental and control values. Probability values (*P*) \<0.05 were considered significant.

Results
=======

Acute cold exposure led to reduction of liver glycogen and induction of glycogenesis enzymes
--------------------------------------------------------------------------------------------

Nonshivering thermogenesis in the liver is critical for the body to adapt to low ambient temperature. To investigate the effect of acute cold exposure on the liver, we measured hepatic glycogen in rats after cold exposure. As shown in Fig. [1](#F1){ref-type="fig"}A, acute cold exposure resulted in a dramatic reduction of hepatic glycogen after exposure to -15ºC for 4 hours. This result is consistent with previous studies in which rats were exposed to -8ºC [@B5] or relatively mild 4ºC [@B20]. In addition to glycogenolysis, glucose can be generated by gluconeogenesis in liver [@B21], [@B22]. To determine whether acute cold exposure can promote gluconeogenesis, we assessed the expression of *G6Pase* and *PEPCK*, two critical enzymes for gluconeogenesis [@B23], by quantitative RT-PCR. The expression of these genes were significantly upregulated in the livers isolated from cold-exposed rats (Fig. [1](#F1){ref-type="fig"}B,C). These data suggest that the body tried to increase glucose output to meet the energy demand during acute cold exposure.

Acute cold exposure induced a transient increase of ATP level in rat liver cells
--------------------------------------------------------------------------------

During cold exposure, the body needs to produce more energy to keep the energetic balance. The rapid consumption of glycogen suggests that the liver is trying to maintain the energetic balance through metabolic response. To determine the energetic status of liver cells in rats during acute cold exposure, we measured the intracellular ATP level in liver cells isolated from rats exposed to -15°C for 0.5-4 hours. As shown in Fig. [2](#F2){ref-type="fig"}, acute cold exposure caused a transient ATP increase, which lasted for about one hour. The ATP level went back to normal after 2 hours cold exposure, and then further declined as the cold exposure extended to 4 hours.

Akt activation promoted ATP generation in rat liver cells during acute cold exposure
------------------------------------------------------------------------------------

As the main source of cellular energy, ATP is produced primarily by glycolysis and mitochondrial oxidation. Recently, Hay group showed that Akt, Foxos and mTORC1 form a regulatory circuit controlling the bioenergetic balance in which Akt acts as a major cell energy producer [@B15]. By measuring Akt phosphorylated at Thr-308 and Ser-473 residuals, we showed that Akt was activated in liver cells of rats shortly after acute cold exposure (Fig. [3](#F3){ref-type="fig"}). The activation of Akt reached the peak after half hour cold exposure, and went back to basal level after four hours cold exposure (Fig. [3](#F3){ref-type="fig"}). In line with Akt activation, GSK-3β, an Akt kinase substrate showed a similar pattern of phosphoryaltion (Fig. [3](#F3){ref-type="fig"}).

To determine whether Akt activation was required for acute cold exposure-induced transient increase of ATP, we injected the Wortmannin, a selective inhibitor of PI3K-Akt pathway, intraperitoneally (i.p.) into rats to block Akt activation one hour before the onset of cold exposure [@B18]. As shown in Fig. [4](#F4){ref-type="fig"}, Wortmannin treatment abolished cold exposure-induced Akt activation. Inhibition of Akt diminished the transient ATP increase in liver cells after half hour of cold exposure, and caused further decrease of intracellular ATP content in liver cells after four hours of cold exposure. These data suggest that Akt activation is an early response of liver cells to keep bioenergetic balance by promoting ATP generation.

Blockade of Akt activation exacerbated liver cell apoptosis in rats during acute cold exposure
----------------------------------------------------------------------------------------------

Maintenance of intracellular ATP under bioenergrtic stress is critical for cell survival. In line with the decrease of intracellular ATP content, four hours of cold exposure caused a significant increase of apoptosis cells (Fig. [5](#F5){ref-type="fig"}). TUNEL positive cells were markedly increased in the livers isolated from rats exposed to -15°C for 4 hours (Fig. [5](#F5){ref-type="fig"}A,B). The cell apoptosis was confirmed by Western blot showing a 12 kDa cleaved band of Caspase-3 in liver cells after four hours of cold exposure (Fig. [5](#F5){ref-type="fig"}C,D).

Under cold stress, Akt was activated and required for liver cells to generate more ATP to keep the bioenergetic balance (Figs. [3](#F3){ref-type="fig"},[4](#F4){ref-type="fig"}). We speculated that Akt activation may play a critical role in promoting liver cell survival during acute cold exposure. Indeed, blockade of Akt activation by injection of Wortmannin heightened cell apoptosis in the livers of rats after acute cold exposure indicated by increase of TUNEL-positive cells (Fig. [6](#F6){ref-type="fig"}A,B) and Caspase-3 cleavage (Fig. [6](#F6){ref-type="fig"}C,D).

Discussion
==========

Maintenance of an energy balance under bioenergetic stress is critical for cell survival [@B24]. In this study, we investigated the initiate responses of liver cells of rats exposed to extremely low temperature. Our data showed that cold exposure led to a rapid depletion of hepatic glycogen and upregulation of enzymes critical for gluconeogenesis in the liver. Akt was activated shortly after cold exposure, which promoted ATP generation, leading to a transient increase of intracellular ATP level, and protected liver cell from cell apoptosis.

As the center of intermediary metabolism, the liver releases glucose and lipids into the circulation to meet the energy demands [@B25]. However, excessive energy demand may cause the loss of liver function. It has been reported that five minutes of -20°C freezing cold exposure can induce rat liver edema and histopathological damage [@B6]. It suggests that the liver maintains circulation energy substrate to meet the energy demand at the expense of its functional integrity during cold exposure. At the early time of cold exposure, increased glucose output from the liver is largely responsible for the elevation of circulating glucose [@B26]. As the time of cold exposure going on, this might lead to liver energy depletion, which in turn could lead to cellular ATP depletion and cell injury. It has been reported that four hours of -8°C exposure causes glycogen depletion in the livers of rats [@B5], which might be the cause of liver injury. The data from this study indicated that the liver of cold-exposed rats tried to maintain an intracellular energy balance through increasing circulating glucose by glucogenolysis and gluconeogenesis, and activating Akt pathway that promotes ATP generation. But nonetheless, acute cold exposure-induced elevation of intracellular ATP is very transient, lasting only about one hour. The level of intracellular ATP content of liver cells was significantly reduced after four hours of cold exposure. The decline of ATP leve1 is probably due to extended cold exposure-induced depletion of liver glycogen as reported in this and previous studies [@B5]. It was reported that decreases in ATP content could potentially promote heat production [@B27]. However, cellular ATP level plays a pivotal role in cell survival, the decrease of ATP level can also lead to cell apoptosis [@B8]. In line with the depletion of cellular ATP, we found that four hours of cold exposure caused a significant increase of scattered distributed TUNEL positive apoptotic cells in the liver, and the cleavage of Caspase-3 in the liver cells.

Metabolic response of the bodies is critical for acclimatization. In addition to the nonshivering thermogenesis in the liver, the response includes shivering thermogenesis of the skeleton muscle [@B2]-[@B4], [@B28]-[@B30]. Currently, it remains unclear how acute exposure of rats to -15ºC affects skeleton muscle cells. It\'s a very interesting topic currently under investigation in our group.

Akt, a major cell energy producer, was activated in liver cells of rats shortly after acute cold exposure. Similar results have been reported that Akt can be transiently activated during 1 hour of exposure to 4°C [@B31], and phosphorylation of the activating residue of Akt, Ser473 and Thr308, occurs in response to low temperatures in cell cultures [@B32]. In our study, blockade of Akt activation diminished the transient increase of ATP. These data suggest a critical role of Akt activation in promoting ATP generation and maintaining a cell energy balance under cold stress which were in accordance with previously reported results that Akt exerts its protective role through regulation of cellular ATP level [@B33]. Interestingly, blockade of Akt signal pathway only partially abolished acute cold exposure-induced ATP elevation, suggesting other signal pathway may also be activated to promote ATP generation. MEK-Erk1/2 signal pathway has been reported to be activated in the adipose tissue after cold exposure [@B34], [@B35]. Our previous study also showed that cold exposure induces Erk1/2 activation in brain [@B36]. But nonetheless, Erk1/2 was not activated in rat liver by acute cold exposure (data not shown). The additional signal pathway promoting ATP generation during cold exposure warrants future study.

In addition to its critical role in promoting ATP generation, Akt was recently shown to protect cancer cells from bioenergetic stress by enhancing glucose uptake and glycogen storage that allows the maintenance of ATP levels during bioenergetic stress [@B24]. Akt activation may also promote glucose uptake under cold stress if there is sufficient glucose. It will be an interest topic to investigate whether Akt-dependent cold exposure-induced ATP elevation can last longer and have a better protection of liver cells from apoptosis when give rats exogenous glucose.

In conclusion, this study revealed that Akt activation, as an early response of host liver cells to cold stress, plays a critical role in maintaining bioenergetic balance and promoting liver cell survival during acute cold exposure.
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![Reduction of hepatic glycogen and increase of gluconeogenesis enzymes during cold exposure. (A) Hepatic glycogen of four pairs of control (Con) and 4 h cold-exposed (4 h) rats was detected by using liver/muscle glycogen assay kit. (B,C) The mRNA amount of *G6Pase* (B) and *PEPCK* (C) in the livers isolated from three pairs of control (Con) and 0.5 h cold-exposed (0.5 h) rats was determined by quantitative PCR. \* depicts significant difference between the control and cold exposure groups (*p*\<0.05).](ijbsv09p0509g01){#F1}

![Dynamic change of intracellular ATP level in rat liver cells during four hours of cold exposure. Liver tissues were isolated from rats exposed to -15 ºC for 0.5-4 hours. ATP content of liver cells was measured luminometrically. \* depicts significant difference between cold-exposed and the control groups (n = 6, *p*\< 0.05).](ijbsv09p0509g02){#F2}

![Activation of Akt and GSK-3β during acute cold exposure. (A) The phosphorylation of Akt and GSK-3β was detected by western blot. β-actin was used as a loading control. A representative of three independent experiments is shown. (B) Quantification of p-Akt (left) and p-GSK3β (right). The density of immunoblot bands was quantified, and the amount of p-Akt (left) and p-GSK3β was normalized to total Akt and GSK3β, respectively. The change of Akt and GSK3β phosphorylation was expressed as percentage of the controls.](ijbsv09p0509g03){#F3}

![Akt activation promoted the generation of cellular ATP during cold exposure. (A) Wortmannin (Wort) was injected intraperitoneally into rats one hour before cold exposure. Ser473 phosphorylation and total Akt were assessed by Western blot. Data shown is a representative of three independent experiments. (B) Quantification of p-Akt. The density of immunoblot bands was quantified, and the amount of p-Akt was normalized to total Akt. The change of Akt phosphorylation was expressed as percentage of the control. (C) Liver tissues were isolated from rats exposed to -15 ºC for 0.5 and 4 hours with or without pretreatment of Wort. ATP content of liver cells was measured luminometrically. \* and \# depict significant difference between Wort treated and the control groups after 0.5 and 4 hours cold exposure respectively. (n =6, *p* \< 0.05).](ijbsv09p0509g04){#F4}

![Acute cold exposure caused rat liver cell apoptosis. (A) Rats in cold exposure groups were maintained at -15°C for 0.5, 1, 2, and 4 h, while rats in control group (Con) were kept at room temperature. TUNEL assay was performed with an *in situ* cell death detection kit. White arrow heads indicated the apoptotic nuclei stained by the TUNEL reagent, bar "---" = 50 μm. (B) Quantification of TUNEL-positive cells in Figure [5](#F5){ref-type="fig"}A. \* depicts significant difference between cold-exposed and the control groups (n = 3, *p*\< 0.05). (C) Western bolt analysis of Caspase-3 cleavage in rat liver cells after cold exposure. β-actin was used as a loading control. A representative of three independent experiments is shown. (D) Quantification of cleaved Caspase-3. The density of immunoblot bands was quantified, and the amount of cleaved Caspase-3 was normalized to β-actin. The change of cleaved Caspase-3 was expressed as percentage of the control.](ijbsv09p0509g05){#F5}

![Blockade of Akt activation exaggerated liver cell apoptosis during acute cold exposure. Wortmannin (Wort) was injected into rats intraperitoneally 1 h before cold exposure. The apoptotic cells were assessed by TUNEL staining (A). White arrow heads indicated the apoptotic nuclei stained by the TUNEL reagent, bar "---" = 50 μm. TUNEL positive cells in Figure [6](#F6){ref-type="fig"}A were quantified (B). \* depicts significant difference between Wort treated and the control groups after 4 hours cold exposure (n =3, *p* \< 0.05). (C) Western bolt analysis of Caspase-3 cleavage in rat liver cells after 0.5 and 4 hours of cold exposure with or without Wort pretreatment. β-actin was used as a loading control. A representative of three independent experiments is shown. (D) Quantification of cleaved Caspase-3. The density of immunoblot bands was quantified, and the amount of cleaved Caspase-3 was normalized to β-actin. The change of cleaved Caspase-3 was expressed as percentage of the control.](ijbsv09p0509g06){#F6}
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